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I.  Scope  of  the  report. 


report  presents  the  results  of  an  investigation 
directed  toward  the  development  of  a  rotating -fie Id  phaser* 
utilizing  the  microwave  properties  of  ferrite.  The  objective 
of  the  program  was  to  advance  the  art  of  phaser  design  so  as 
to  extend  the  range  of  application  of  the  device  and  to  over¬ 
come  some  of  the  limitations  inherent  in  existing  devices 
which  use  other  principles  to  perform  the  same  circuit  func¬ 
tion.  ^ 

In  Sec.  2  the  historical  background  of  this  work  is 
summarized.  Activity  on  the  rather  specialized  problems 
associated  with  this  type  of  magnetically  actuated  phaser 
has  remained  in  the  hands  of  a  small  number  of  workers  over 
many  years,  and  the  results  up  to  the  present  have  been  more 
in  the  nature  of  discussion  and  experimental  illustration 
of  the  basic  principles  rather  than  the  development  of 
devices  having  direct  practical  application  to  microwave  sys¬ 
tems.  As  is  usually  the  case  in  the  early  exploration  of  a 
novel  device  concept,  the  reascxis  for  this  relatively  leisurely 
beginning  are,  first,  that  the  exploratory  work  reveals  certain 
limijtations  and  problems  whose  magnitude  is  difficult  to  assess 
without  a  considerable  amount  of  systematic  study,  and  second, 
that  the  need  for  the  particular  combination  of  characteristics 


*The  term  phaser  wlj^  her  used  in  this  report  to  denote  any 
^transmission  line  device  which  provides  variable  electrical 
I  length  while  maintaining  low  and,  ideally,  constant  insertion 
\loss. 
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demonstrably  or  potentially  available  from  the  device  in 
question  has  not  yet  been  fully  developed.  The  progress 
represented  by  the  present  work  reflects  the  further  evolution 
of  this  process:  the  incorporation  of  new  and  independent 
ideas  has  improved  the  outlook  for  practical  realization  of 
the  device  and  has  benefited  from  the  emergence  of  more 
urgent  and  more  specific  system  requirements. 

In  Sec,  3  the  objectives  of  the  present  program  are 
discussed,  with  emphasis  on  the  concepts  of  dielectric-wave- 
guide  propagation  and  low-field  differential  phase  effects. 

The  exploratory  part  of  the  program  was  directed  primarily 
toward  the  study  of  these  effects  as  means  for  improving 
the  suitability  of  the  rotating -field  phaser  for  system  appli¬ 
cations  . 

Sec,  4  presents  an  outline  of  the  principles  of  opera¬ 
tion,  beginning  with  the  elementary  and  idealized  circuit- 
theory  considerations  of  the  continuous ly-variable  rotating 
half-wave  plate  phaser  and  proceeding  to  the  use  of  the  gyro- 
magnetic  properties  of  ferrites  as  a  means  for  achieving 
electronic  phase  control.  The  incorporation  of  dielectric- 
waveguide  characteristics  with  the  object  of  removing  limitations 
in  speed,  bandwidth,  and  insertion  loss  is  discussed. 

In  Sec.  5  the  circuit  theory  is  extended  to  include  an 
analysis  of  the  scattering  due  to  mismatches  and  faulty  con¬ 
version  from  circular  to  linear  polarization.  The  need  for 
this  additional  formulation  arises  from  our  experimental 
observation  of  the  scattering  effects  which  limit  bandwidth 
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and  distort  the  phase  variation.  Although  these  disturbing 
effects  are  still  present  in  our  most  recent  data,  it  is  very 
encouraging  to  note  that  they  display  a  degree  of  regularity 
which  permits  them  to  be  diagnosed,  correlated  with  measurable 
characteristics  of  the  various  components,  and  ultimately 
eliminated. 

Sec.  6  contains  a  review  of  the  experimental  data, 
showing  our  most  significant  results  at  X-band  on  phase, 
insertion  loss,  and  VSWR.  The  frequency -dependence  of  inser¬ 
tion  loss  is  illustrated  and  discussed.  Problems  of  magnetic 
control  field  requirement,  hysteresis,  temperature  dependence, 
and  the  question  of  adapting  the  design  fer  operation  at  other 
frequencies  are  considered.  In  Sec.  7  the  experimental  methods 
used  to  obtain  these  data  are  described.  Sec.  8  presents  a 
summary  of  our  conclusions  and  prospects  for  further  develop¬ 
ments  in  rotating-f ield  phaser  design. 
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2.  Background. 


The  concept  of  a  continuously  variable  phaser  employ¬ 
ing  a  rotating  half-wave  section  was  introduced  by  A.G.  Fox^ 
in  1947.  Fox  considered  a  two-mode  transmission  line,  such 
as  circular  waveguide,  supporting  a  wave  circularly-polarized 
in,  say,  the  clockwise  sense,  incident  on  the  input  end.  In 
traversing  the  half-wave  element  the  wave  is  decomposed  into 
two  linearly-polarized  normal  modes,  one  of  which  is  retarded 
one  half -wavelength  with  respect  to  the  other,  so  that  the 
emerging  wave  is  polarized  in  the  opposite,  counterclockwise, 
sense.  He  showed  that  the  phase  of  the  transmitted  wave  con¬ 
tains  a  variable  part  which  is  just  equal  to  twice  the  angle 
of  orientation  i9  of  the  principal  axes  of  the  half-wave  plate 
with  respect  to  a  fixed  set  of  reference  axes.  To  construct 
a  complete  phase-shifter  operating  in  single-mode  guide,  it 
is  only  necessary  to  add  quarter-wave  transducers  at  the  input 
and  output  ends,  to  generate  the  required  circular  polarization 
and  to  convert  it  back  to  linear.  The  simplest  embodiment  of 
the  principle  is  a  circular  waveguide  containing  suitably 
matched  dielectric  sheets  of  the  proper  lengths  for  the  sequence 
of  quarter-,  half-,  and  quarter-wave  sections,  with  mechanical 
facilities  for  rotating  the  half-wave  section  about  its  axis. 
Commercial  devices  of  this  kind  are  available.  They  are 
attractive  for  laboratory  and  test  system  use  because  of  their 
considerable  bandwidth,  simple  and  precise  calibration,  and 
the  feature  of  capitalizing  on  the  multiple-valuedness  of  phase 


1.  Literature  references  will  be  found  on  page  6  6. 
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angle  for  c-v  signals  so  as  to  permit  the  phase  to  be  advanced 
or  retarded  endlessly  by  a  continuous  rotation  in  one  direc¬ 
tion.  This  last  characteristic  has  led  to  the  application  of 
the  device  as  a  single -sideband  generator  . 

For  radar,  communications,  and  other  more  stringent 
system  applications  an  electronically  controllable,  nonmcchani- 
cal  method  of  performing  the  same  function  would  be  extremely 
valuable.  In  1952,  (M.T.)  Weiss  and  Fox  demonstrated  bire¬ 
fringence  produced  by  applying  a  d-c  magnetic  field  in  a 
transverse  direction  to  a  rod  of  ferrite  mounted  on  the  axis 
of  circular  waveguide.  The  gyromagnetic  anisotropy  of  the 
ferrite  provided  the  mechanism  for  removing  the  degeneracy  of 
the  circular  guide  and  producing  a  phase  differential  between 
the  normal  modes  of  propagation,  namely  waves  linearly  pola¬ 
rized  parallel  and  perpendicular  to  the  direction  of  the 
applied  field.  This  effect  was  also  studied  by  Cacheris  in 
1954,  who  used  it  to  build  a  prototype  version  of  a  s ingle - 
sideband  generator  in  which  the  ferrite -loaded  circular  guide 
acted  as  a  half-wave  plate,  driven  by  a  rotating  magnetic 
field  at  a  modulation  frequency  of  20  Kc.  The  device  was 
designed  for  X-band;  it  operated  best  over  a  100  Me  band  at 
9300  Me,  yielding  about  1  db  insertion  loss,  with  suppression 
of  the  carrier  and  undesired  sideband  signals  to  30  and  45  db, 
respectively. 

In  1956  Karayianis  and  Cacheris^  continued  the  study  of 
ferrite  differential -phase  effects  in  an  effort  to  obtain 
optimum  broadband  characteristics  and  to  reduce  the  d-c  magnetic 
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field  requirement.  Their  best  results  were  for  the  case  of 
a  ferrite  tube  lining  the  wall  of  a  reduced-diameter  circular 
guide:  the  field  was  210  oersteds  and  the  insertion  loss 

fluctuated  between  about  1.5  and  3  db  over  the  band  from  9.0 
to  9.7  KMc. 


y 
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3.  Objectives  of  the  program. 


The  present  investigation  also  involved  the  use  of  a 
ferrite  tube  as  the  differential-phase  element,  but  was  con¬ 
ceived  independently  and  directed  toward  different  and  more 
ambitious  objectives.  The  goal  of  producing  high-speed  phase 
changes  for  applications  such  as  phase-controlled  antenna 
arrays  and  single -sideband  generation  demands  that  the  main 
factors  limiting  speed,  namely  the  large  magnitude  of  the 
magnetic  control  field  and  the  intervention  of  a  conductive 
waveguide  wall  between  the  external  electromagnet  and  the 
active  ferrite  element,  be  eliminated.  The  use  of  a  tube 
of  the  proper  dimensions  offers  the  possibility  of  removing 
these  limitations  while  preserving  the  valuable  characteris¬ 
tics  of  the  device,  particularly  broad  operating  band  and 
continuous  variability. 

The  dielectric  constant  of  microwave  ferrites  is  in 
the  range  9  to  13,  and  that  of  the  ferromagnetic  garnets 
somewhat  higher,  about  15.  By  proper  selection  of  dimensions 
a  ferrite  rod  or  tube  may  be  made  to  act  as  a  dielectric  wave¬ 
guide  propagating  in  the  "dipole"  mode  which  possesses 

the  same  S3m]metiry  as  the  dominant  mode  in  circular  guide. 

The  characteristics  of  this  mode  have  been  discussed  by  Elsasser^ 
and  others.  Applications  of  dielectric  waveguide  effects  to 
ferrite  devices^  have  led  to  important  improvements  in  perform¬ 
ance.  The  significant  property  of  this  type  of  propagation 
for  magnetically  variable  devices  is  the  fact  that  no  conductive 
waveguide  is  required,  the  wave  remaining  tightly  bound  to  the 
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interior  and  surface  of  the  dielectric  element.  Thus  the 
difficulties  associated  with  the  induction  of  eddy  currents 
in  the  conducting  wall  of  conventional -waveguide  devices  when 
the  externally  applied  magnetic  control  field  is  changed  do 
not  arise  here. 

A  solid  rod  of  ferrite  of  the  proper  diameter  can  be 
made  to  present  a  good  match  to  the  dominant  conduct ive- 
waveguide  mode  by  the  addition  of  dielectric  transducers  or 
tapers,  and  to  support  the  desired  dielectric-waveguide  mode 
with  low  dissipative  and  radiative  losses.  There  is  some 
advantage  in  insertion  loss  and  bandwidth  if  the  ferrite 

U 

element  is  made  in  the  form  of  a  tube  ,  but  these,  while 
significant,  are  not  the  primary  reason  for  our  interest  in 
the  tube  geometry  in  the  present  program.  Rather,  it  was 
our  expectation  that  the  tube  would  offer  a  means  for  operat¬ 
ing  the  device  at  exceptionally  low  d-c  fields.  Our  efforts 
on  this  aspect  of  the  investigation  have  not  resulted  in  the 
desired  low-field  performance;  however,  neither  have  they 
excluded  the  possibility  that  further  refinements  in  the 
design  will  lead  to  the  improvement  as  originally  envisioned, 

A  long  ferromagnetic  rod  of  circular  cross-section, 

placed  in  a  uniform  d-c  magnetic  field  with  its  axis  transverse 

to  the  direction  of  the  field,  becomes  uniformly  magnetized. 

In  this  case  the  anisotropy  leading  to  differential  phase 

effects  arises  from  the  gyromagnetic  interaction  of  the 

material  with  the  r-f  magnetic  field  of  the  wave,  as  demon- 

3  •  4 

strated  by  Weiss  and  Fox  and  by  Cacheris  .  As  these  authors 
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have  shown,  an  estimate  of  the  conditions  required  and  of  the 

magnitude  of  the  effect  may  be  obtained  from  the  formulation 

by  Polder^  analyzing  the  interaction  of  a  plane  wave  with  a 

gyromagnetic  medium.  The  magnitude  of  the  d-c  field  required 

for  appreciable  effects  is  below  that  at  which  ferromagnetic 

resonance  occurs,  but  is  nevertheless  associated  with  the 

resonance  phenomenon;  at  X-band  it  is  in  the  range  of  hundreds 

% 

of  oersteds. 

If  the  ferrite  rod  is  replaced  by  a  circularly-cylin- 
drical  tube,  the  internal  field  within  the  material  is  no 
longer  uniform.  In  the  range  of  low  applied  fields  where 
the  ferrite  is  only  partially  magnetized  this  non-uniform 
field  gives  rise  to  a  highly  non-uniform  state  of  magnetization 
having  the  required  symmetry  for  differential  phase  effects. 
With  proper  selection  of  the  ferrite  composition  and  of  the 
cross-sectional  dimensions  of  the  tube,  it  is  possible  to 
create  an  azimuthal  variation  in  the  r-f  permeability  which 
gives  rise  to  the  required  differential  phase  effect.  Further 
discussion  of  this  mechanism  is  presented  in  Sec.  4. 

The  low-field  variation  in  magnetization  contemplated 
here  is  known  to  be  applicable  in  practical  microwave  ferrite 
devices;  the  Reggia -Spencer  phase  shifter  which  depends  on  this 
mechanism  for  its  operation  has  received  experimental^^  and 
theoretical^^  attention  and  has  been  produced  commercially. 
Although  application  of  the  effect  to  the  rotating-field  phaser 
depends  on  the  achievement  of  a  rather  intricate  combination  of 
conditions,  we  believe  that  it  can  be  done  and  that  the  result- 
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ing  improvement  in  the  device,  namely  reduction  in  magnetic 
control  field  requirement  --  hence  reduced  size,  weight,  and 
control  power,  and  improved  speed  --  will  lead  to  a  wide  range 
of  important  system  applications. 

The  objectives  of  the  present  program  were  to  construct 
a  prototype  model  of  the  rotating-f ield  phaser  for  laboratory 
investigation  and  study  it  to  determine  the  feasibility  of 
the  device  for  a  phased  array  radar  system.  The  primary 
activity,  study  of  the  structural  details  required  to  produce 
differential  phase  action  in  ferrite  dielectric-waveguide  at 
low  fields,  was  to  be  performed  at  X-band,  and  the  special 
problem  of  ferrite  compositions  suitable  for  use  at  L-band 
was  to  be  investigated.  Other  characteristics  of  the  unit 
which  are  of  importance  in  system  applications  were  to  be 
studied;  they  were:  insertion  loss,  linearity  of  phase  shift 

y 

with  rotation  of  magnetic  field,  temperature  dependence, 
hysteresis  effects,  and  drive  circuit  requirements. 
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4.  Principles  of  operation. 

4A.  Theory  of  phaser  action. 


With  extensive  experimental  measurement  and  explora¬ 
tion  as  a  background,  we  seek  a  model  which  contains  the 
significant  parameters  controlling  the  scattering  amplitudes 
and  phases  of  the  transversely-magnetized  ferrite  element 
together  with  its  associated  polarization  transducers.  As 
an  introduction  to  the  concepts  and  notation,  we  first 
analyze  the  structure  under  the  simplest  assumptions,  namely 
that  its  components  are  uniform,  lossless,  and  matched. 

Consider  a  waveguide  which  supports  two  normal  modes 
of  propagation.  We  may  regard  the  sjmjmetry  of  the  guide 
cross-section  as  elliptical  and  the  normal  modes  as  associa¬ 
ted  with  linear  polarizations  in  the  directions  of  the 
principal  axes,  denoted  by p  and  s.  The  complex  amplitudes 
Ep  and  Eg  at  point  z  on  the  guide  axis  are  given  by 


'EpCz)' 

= 

'e-iPpZ 

'Ep(O)' 

Eg(z) 

e-iPs^ 

Es<0) 

(1) 


The  principal  axes  are  oriented  at  the  angle  if  with  respect 
to  the  "laboratory**  axes  x,  y  defined  by  the  orientation  of 
the  single-mode  rectangular  guides  at  the  input  and  output 
ends.  Transforming  to  laboratory  axes,  we  obtain 


E^Cz)- 

’  m 

N 

1 _ 

L 

E^(0) 


(2) 
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Let  Pp  =  p+S  ,  Pg  =  p-6 


Then  the' matrix  of  equation  (2),  which  we  shall  denote  by 
takes  the  form 
T(26z,  if  )  =  X 


cos  5z  -  i  sin  5z  cos  2  if 
-i  sin  flz  sin  2 


-i  sin  6z  sin  2J 

cos  Oz  +  i  sin  5z  cos  2i/ 


T, 


(3) 


For  the  case  of  the  ferrite  section  the  principal  axes  p,8 

may  be  identified  with  the  directions  parallel  and  perpendicular, 

respectively,  to  the  externally  applied  d-c  maj^netic  field. 

The  magnitude  of  the  field  is  adjusted  to  produce  the  phase 
differential  20z  =  rr  between  the  two  normal  modes  in  the  length 
z  =  \ .  In  this  case, 


TCtt,  J  ) 


cos  2J 
sin  2i9 


sin  2^ 
-cos  2l?J 


(4) 


The  matrix  T  of  equation  (3)  also  contains  the  case  of  a 
quarter-wave  transducer,  for  which  the  electrical  differential 
length  is  2Sz  =  •n/2  and  the  principal  axes  arc  oriented  at 
if  =  Tr/4; 


T(TT/2,Tr/4) 


(5) 


The  average  electrical  length  pi  need  not,  of  course,  be  the 
same  for  the  quarter-wave  plate  of  (5)  as  it  is  for  the  half¬ 
wave  plate  of  (4) . 

To  illustrate  the  operation  of  the  rotating  field 
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Phaser  under  ideal  conditions,  we  consider  the  rotating 
half-wave  section  of  (4)  with  quarter-wave  transducers  (5) 
at  both  ends: 


T(TT/2,Tr/4)T(TT,  iP  )T(Tr/2,Tr/4) 


=  -ie 


2iJ 

-e 


(6) 


where  pL  denotes  the  electrical  length  of  the  combination 

as  measured  by  the  average  propagation  constant  p.  For  a 

signal  incident  on  the  unit,  polarized  in  the  x  direction, 

the  total  phase  change  in  transmission  is  composed  of  the 
-ipL 


fixed  part  -ie 

___4.  ^-2iiP 
part  e 


together  with  the  continuously  variable 


Equation  (6)  exhibits  the  basic  function  of  the 
device;  namely  a  matched  transmission-line  unit  giving  full 
transmission  with  phase  precisely  proportional  to  the  angle 
of  orientation  of  the  magnetic  control  field. 


4B.  Propagation  in  a  gyroraagnetic  medium. 


3  4 

As  in  the  investigations  of  previous  workers  *  , 
the  gyromagnetic  property  of  ferrite  which  can  serve  to 
generate  the  differential  phase  effect  described  by  equa¬ 
tion  (1)  may  be  analyzed  in  an  approximate  way  by  applying 
the  results  of  Polder  for  the  propagation  of  a  plane  wave 
through  a  lossless  gyromagnetic  medium  defined  by  the  per¬ 
meability  tensor 


ii  = 


-iK 

iVC 

1 


(7) 
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where  and  K  are  related  to  the  magnetization  4ttM,  the  d-c 
field  H  (assumed  to  be  applied  in  the  z-direction)  and  fre¬ 
quency  cj  by 


,  ,  4rr/  ^MH 

=  1  ♦  -w-t; — K 


_  4it  rMco 

,  K  =  -TX~1 
H  -« 


(8) 


in  which  /’  is  the  gyromagnetic  ratio,  iYlrr  -2.8  Me  per 
oersted.  For  the  case  of  a  wave  propagating  in  a  direction 
transverse  to  that  of  the  d-c  field,  the  effective  permea¬ 
bility  controlling  the  phase  velocity  depends  on  the  polari¬ 
zation:  |ip  and  for  waves  having  their  r-f  magnetic  fields 
polarized  respectively  parallel  and  perpendicular  to  the  z- 
direction  are  given  by 

''p  =  -  1*3  =  1  ^  755!^  <« 

where  B  is  the  induction  B  =  H+4ttM.  The  phase  differential 
A<p  for  propagation  of  the  two  types  of  waves  over  a  distance 
\  is  then 

i'*?  =  (Pp  -Pg)!  =  281  =  C^iTp  -  Jii;)  (10) 


where  (  is  the  dielectric  constant  of  the  medium  and  c  is  the 

velocity  of  light.  For  values  of  H  appreciably  less  than 

2  2 

that  satisfying  the  resonance  condition  j'  BH  «  co  the  phase 
difference  is  approximately 


~  at  1  iP 


Af  -  (11) 

To  illustrate  the  meaning  of  this  result,  we  may  suppose  that 
the  saturation  magnetization  4ttM  of  ttve  ferrite  is  in  the 
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neighborhood  of  co/ r’  and  that  H  is  much  smaller  than  4rrM. 

Then 

(12) 

Thus,  under  the  idealized  conditions  considered,  the  phase 
differential  between  waves  in  the  two  polarizations  would  be 
of  the  same  order  of  magnitude  as  the  phase  for  propagation 
of  a  single  plane  wave  in  a  dielectric  medium  characterized 
by 

*  Conditions  resembling  those  contemplated  in  the  above 
plane-wave  approximation  may  be  obtained  by  using  a  ferrite 
specimen  in  the  form  of  a  rod,  provided  the  diameter  of  the 
rod  is  large  enough  to  support  most  of  the  r-f  energy. 

When  such  a  large  rod  is  used  in  conductive  waveguide,  how¬ 
ever,  it  excites  propagation  in  a  number  of  spurious  modes, 
causing  undesirable  fluctuations  in  insertion  loss  and  phase. 
Another  difficulty  is  that  a  strong  magnetic  field  must  be 
applied  externally  to  overcome  the  demagnetizing  effect  of 
the  surface  of  the  rod. 

Although  equation  (12)  predicts  an  appreciable  phase 
differential  even  when  the  internal  d-c  field  is  far  below 

4  5 

the  resonance  value,  nevertheless  the  experience  of  Cacheris  * 
and  that  of  the  present  investigation  is  that  fields  of  in¬ 
conveniently  large  magnitudes  are  required  in  order  to  produce 
appreciable  effects.  This  is  due  in  part  to  the  fact  that  a 
field  equal  to  more  than  half  the  saturation  magnetization 
4TrMg  must  be  applied  to  saturate  the  material  when  it  is  in  the 
form  of  a  rod  with  the  field  transverse  to  its  axis.  For 
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work  at  X-band,  %Mg  is  usually  in  the  range  from  2000  to 
3000  gauss  (the  single -sideband  modulator  o£  Cacheris^ 
employed  a  material  having  4TrMg'^3000  gauss;  in  the  present 
investigation  values  of  ^rrMg  from  1900  to  2400  gauss  were 
used).  Hence  the  internal  fields  have  been  small  and  the 
magnetization  far  below  its  saturation  value.  In  the 
earlier  and  present  work,  improved  phase  differentials  were 
observed  when  the  rods  were  replaced  by  tubes .  This  was  due 
primarily  to  the  more  favorable  demagnetizing  conditions, 
as  analyzed  in  the  following  paragraph  4C. 

4C.  Magnetostatics  of  a  tube. 

The  substitution  of  a  tube  in  place  of  a  rod  of  ferrite 
as  the  rotatable  half-wave  section  seirves  several  functions. 
First,  the  demagnetization  is  changed  in  such  a  way  that  in 
parts  of  the  tube  wall  the  applied  d-c  control  field  pene¬ 
trates  into  the  material  more  effectively;  this  enhances  the 
magnitude  of  the  internal  d-c  field.  Second,  there  is  a 
marked  variation  of  the  demagnetizing  effect  as  a  function 
of  azimuth,  or  in  other  words  a  strongly  inhomogeneous  internal 
field;  with  the  proper  selection  of  ferrite  composition  such 
that  the  isotropic  r-f  permeability  is  dependent  on  the 
magnitude  of  the  field,  the  net  result  is  a  highly  anisotropic 
permeability  having  the  correct  symmetry  to  produce  birefrin¬ 
gence,  leading  to  the  desired  phase  differential.  Third, 

Q 

the  tube  geometry  has  been  shown  to  possess  potentially 
exceptional  bandwidth,  in  the  sense  that  dispersive  effects 


y 
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(frequency-dependence  of  wavelength,  loss,  and  r-f  field 
configuration)  may  be  suppressed  over  a  considerable  fre¬ 
quency  range  when  the  inner  and  outer  radii  are  properly 
selected  in  relation  to  the  dielectric  constant  of  the 
material . 

The  following  analysis  of  the  magnetostatic  field 
yields  the  radial  and  azimuthal  dependence  of  internal  d-c 
field  and  magnetization  as  functions  of  the  ratio  Pq  of  inner 
to  outer  radius.  Consider  the  tube  illustrated  in  Fig.  1. 

We  make  the  simplifying  assumptions  that  end  effects  can  be 
neglected,  that  the  externally  applied  field  is  uniform, 
and  that  the  permeability  n  of  the  material  is  independent 
of  field;  i.e.,  that  the  magnetization  4itM  is  a  linear 
function  of  field  H.  Let  V(r,  )  denote  the  magnetostatic 
potential;  V  satisfies 


then 


2  I  d  dV  ^ 

= - - )  +  “2  V  .2  =  0 

r  dr  hr' 

V  =IIan'^n  *  '^n  “  r’^cos  nJ’  ,  n  =  0,+l,+2, 


(13) 

(14) 


For  the  case  of  a  uniform  field  applied  in  the  direction 
=  rr  we  take  n  =  +1 : 

V  =  (a,  r  +  — ^)cosiP  (15) 

1  r 

The  boundary  conditions  are:  V  is  finite  at  r  =  0;  V  reduces 
to  Vq  =  H^r  cosi9  as  r-»oo  ;  =  -nbV/^r  and 

are  continuous  at  the  inner  and  outer  boundaries  of  the  tube 
wall.  These  yield  the  required  set  of  equations  whose  solu- 
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Figure  1.  Definltlcma  of  geemetrieel  parametera 
for  the  analyala  of  the  d-c  magnatiaa- 
tioci  of  a  farrooagnatio  tuba. 
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tioD  may  be  expressed  as  follows:  let 


r 

Ro 


P  ,  ^  a  V 

*  li+l 


(16) 


Then  the  potential  V  within  the  material  of  the  tube  is 

V  «  r  .Pa  ,  1  cos2P  ,  l£<p/l 

L  i.)>2  p  z  J 


>♦1 

The  field  H  is 


(17) 


Hr" 

COS  iP 

Hjp 

/i*  *'P  oVp^) 

sin^ 

The  magnitude  ^rrM  of  the  magnetisation  is 


(18) 


(19) 


As  an  illustration  of  the  effect  of  the  tube  geometry, 
we  evaluate  ^rrM  in  the  extreme  cases  in  which  the  tube  becomes 
a  rod  (  f  ^  which  the  wall  becomes  very  thin  (^^->1). 


I 


rod 

thin-walled  tube 


0 

1 


0,Tr 

2^0 


2)) 

1*V 


tr/2,  3Tr/2 

2m^ 

H  ^ 

®  1-1^ 


For  the  low-field  situation  in  which  the  material  is  only 
partially  magnetized  we  may  assume  that  (i  is  much  greater 
than  unity  (p>>l,  j;  *1).  The  table  shows  that  the  magneti¬ 
zation  at  the  "top”  and  "bottom"  (iP  *  0,Tr)  of  the  thin-walled 
t\d)e  has  nearly  the  same  low  value  as  that  for  the  most 
unfavorable  case  of  demagnetization,  nsmely  a  thin  sheet  mag- 
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netlzed  perpendicularly  to  its  surface ,  while  at  the  "aides" 

(  19  B  tr/2y  3Tr/2)  it  takes  on  large  values,  as  for  a  thin 
sheet  magnetised  in  its  plane. 

The  maximum  benefit  of  this  effect  occurs  when  the 
tube  wall  is  quite  thin:  po  z‘0/^0  ^  order 

of  0.9  or  so.  If  the  wall  is  thicker  than  this,  the  magne¬ 
tisation  is  still  large  at  the  outer  surface  ( f  ■  I) ,  but 
declines  rapidly  emd  at  the  inner  surface  ( p  »  p^)  attains 
only  a  slightly  enhanced  value  as  compared  with  that  for  a 
rod.  Thin-walled  tubes  are  also  advantagecHia  from  the  point 

Q 

of  view  of  broadbanding  ;  their  disadvantages  lie  in  the 
problems  of  producing  a  well-matched  transition  to  conductive 
wall  guide  and  in  maintaining  good  dielectric-waveguide  props 
gat ion  characteristics.  Both  of  these  problems  are  soluble. 

y 

The  only  ineluctable  disadvantage  is  that  the  outer  diameter 
of  the  tube  may  be  so  large  as  to  constitute  somewhat  of  an 
inconvenience  for  some  purposes:  whereas  for  a  solid  rod 
the  optimum  diameter  is  of  the  order  of  a  half -wavelength  in 
the  dielectric,  for  a  tube  the  diameter  must  be  increased  as 
the  wall  is  made  thinner,  approaching  approximately  a  half- 
wavelength  in  air. 

4D.  Permeability  variation  in  partially-magnetized 
ferrite . 

As  discussed  in  Sec.  3,  among  the  objectives  of  the 
program  was  that  of  producing  a  variation  in  magnetization 
by  utilizing  the  magnetostatic  properties  of  a  tube,  analyzed 
in  the  above  paragraph  ^C,  and  to  use  this  state  of  magnetize 
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tion  as  a  means  for  obtaining  anisotropic  propagation  by 
virtue  of  the  Low-field  permeability  variation.  We  were 
not  able  to  observe  this  effect  conclusively,  although  we 
believe  that  it  can  be  made  to  take  place  once  the  more 
superficial  obscuring  effects  such  as  interferences  are 
ameliorated  and  a  thorough  search  for  the  most  suitable 
ferrite  composition  can  be  systematically  carried  out.  The 
following  discussion  summarizes  the  nature  of  the  phenomenon 
in  question. 

The  permeability  ^  appearing  in  the  Polder  tensor 
for  a  gyromagnetic  medium,  equation  (7) ,  is  given  in  terms 
of  magnetization  UtrM,  field  H,  and  frequency  m  by  the  expres¬ 
sion  (equation  8) 


,  .  4it^2mh 


(20) 


When  |x  is  measured  at  small  values  of  H,  it  is  found  that 

in  the  case  of  polycrystalline  materials  having  4TrM  in  the 

neighborhood  of  the  permeability  is  appreciably  less  than 

unity  at  H  0  and  rises  rapidly  to  val\ies  near  unity  as  the 

material  is  magnetized.  The  phenomenon  is  illustrated  in 

Figure  2.  There  is  also  a  dissipative  effect,  known  as  the 
12 

low-field  loss  .  It  is  possible  to  interpret  these  within 
the  scope  of  equation  (20)  provided  the  magnetic  field  H 
which  appears  there  Is  correctly  interpreted  as  the  effective 
internal  field.  Including  the  local  fields  generated  by  mag¬ 
netic  disorder  in  the  polycrystalline  material  as  well  as 
the  applied  field.  Even  in  the  completely  unmagnetized 
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d-c  field; -oerfttfed^ 


Figure  2.  Experlnentel  date  showing  the  dependence  of  p 
and  K  on  d-c  field  in  the  low  and  intermediate 
ranges.  Data  from  reference  11;  4irMg«1700  gauss, 
frequency's . 2  KMc. 
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state,  where  both  4rrM  and  H  are  null  on  the  average,  the 
average  of  their  product  la  not  zero  In  general  because  of 
the  strong  correlation  between  them.  In  materials  of  higher 
values  of  saturation  magnetization  both  the  reactive  and  the 
dissipative  variations  in  p  beccme  more  pronounced.  With 
skillful  choice  of  material  it  is  possible  to  obtain  an 
appreciable  reactive  variation  in  |i  while  incurring  only 
small  losses. 

The  physical  origin  of  the  phenomenon  is  to  be  found 
in  the  microcrystalline  structure  of  the  sintered  material. 

At  H  «  0  the  crystallites  are  magnetized  in  random  orienta¬ 
tions;  the  boundaries  between  magnetic  domains  act  as 
sources  of  magnetostatic  (demagnetizing)  fields  which  are 
effective  in  controlling  the  permeability.  Indeed,  if 
the  saturation  magnetization  is  in  the  neighborhood  of 

4ttM  »  I  (21) 

the^ range  of  these  demagnetizing  fields  may  extend  from  zero 

up  to  magnitudes  sufficient  to  place  some  parts  of  the 

material  in  the  condition  of  ferromagnetic  resonance.  The 

expression  (20)  shows  that  ranges  from  zero  to  large 

values,  both  positive  and  negative,  over  this  interval  of  H. 

To  predict  the  mean  value  of  |x  with  the  aid  of  equation  (20) , 

2 

it  is  necessary  to  average  the  quantities  ^MH  and  H  over 
the  volume  of  the  specimen;  the  net  reactive  effect,  a  de¬ 
crease  in  the  real  part  of  ;i,  occurs  primarily  because  of 
the  strong  geometrical  correlation  between  the  vector  quanti- 
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ties  4TrM  and  H. 

When  a  field  is  applied  to  the  specimen,  magnetize- 
tion  becomes  more  orderly  and  the  random  internal  demagne¬ 
tizing  fields  gradually  disappear.  The  permeability  increases 
at  first  and  ultimately  takes  up  the  dependence  cm  H  in  agree¬ 
ment  with  Polder's  expression  and  corresponding  to  the  fixed 
value  of  saturation  magnetization  %Mg.  The  entire  process 
takes  place  in  the  range  of  field  values  from  zero  to  less 
than  100  oersteds.  This  mechanism  provides  a  means  for 
obtaining  a  magnetically  variable  effective  permeability 
and  thereby,  with  proper  attenticxi  to  the  microwave  charac¬ 
teristics  of  the  structure,  a  variable  velocity  of  propaga¬ 
tion,  which  leads  to  the  desired  phaser  action. 


-  24  - 


5.  Scattering  analyaia. 


5A.  Scattering  by  the  ferrite  aectlcni. 

We  conalder  flrat  the  effect  of  mlamatchea  at  the 
enda  of  the  ferrlte-Ioaded  aectlon  on  the  phaae  and  ampli¬ 
tude  of  tranamlaalon,  aaaumlng  that  the  quarter-wave  trans¬ 
ducers  at  the  Input  and  output  ends  are  perfect. 

Radiation  of  unit  amplitude  entering  the  input 
transducer  polarized  In  the  x-dlrectlon  (the  E-pIane  of 
rectangular  guide)  Is  converted  Into  a  circularly-polarized 
wave  whose  components  in  the  directions  and  '9*^/1  of  the 
principal  axes  p  and  s,  respectively,  of  the  half-wave 
section  are  given  by  the  formulation  of  Sec.  4A  as 


1  -iJ^ 

1 - 

-  i 

m 

-1 

m  • 

Each  component  undergoes  scattering  by  the  half-wave  sec¬ 
tion;  since  they  are  normal  modes  they  do  not  Interact 
within  the  section,  provided  (as  we  shall  assisne)  there  Is 
no  exchange  of  energy  between  them  due  to  reflection  from 
the  ends.  This  assumption  la  valid  if  the  symmetry  of  the 
matching  structures  at  the  ends  conforms  to  that  of  the 
magnetized  ferrite  Itself.  The  transmitted  signals  at  the 
output  of  the  half-wave  sections  are  of  amplitudes  Ep  and 


and  similarly  for  Eg  with  p  replaced  by  s.  The  coeffi¬ 
cients  r,s,  and  s^  define  the  scattering  at  the  ends,  as 
Indicated  in  Fig.  3.  At  the  output  the  two  transmitted 
signals  are  reconverted  into  the  single  rectangiilar  guide 
mode  of  amplitude  E, 
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From  this  result  it  may  be  seen  that  the  amplitude  of 
transmission  E  is  reduced  if  either  or  both  modes  encounter 
mismatches  (rp,rg^O)  and  that  the  frequency-dependence  of 
phase  may  also  be  distiirbed  in  more  or  less  complicated  ways. 


depending  on  the  phases  and  amplitudes  of  the  scattering 
coefficients.  It  is  to  be  noted,  however,  that  the  dependence 
of  phase  on  the  orientation  ^  of  the  d-c  field  is  not  affec¬ 
ted  by  these  disturbances.  In  anticipation  of  the  next  sub¬ 
section,  in  which  we  consider  the  effects  of  imperfections 
in  the  qxiarter-wave  transducers,  we  observe  that  equations  (23) 
and  (24)  specify  three  circianstances  in  which  the  half-wave 
section  transforms  a  circularly-polarised  input  wave  into  an 
elliptically-polarized  output:  one,  the  propagation  constants 
Pp  and  Pg  do  not  give  the  proper  half-wave  phase  differential 
(p_-P-))  B  20^  B  TT:  two,  the  corresponding  scattering  coeffl- 
dents  for  the  p  and  s  modes  differ  from  one  another  in  phase 
or  amplitude;  three,  the  dissipation  (which  may  be  represented 
in  the  usual  way  by  adding  an  imaginary  part  to  the  propagation 


-  26  - 


‘fiQ.ld 


27 


constant)  is  different  for  the  two  modes. 


5B.  Scattering  by  the  quarter-wave  transducers. 

As  discussed  in  Sec.  6,  the  contributions  from  all  of 
the  disturbances  enumerated  above  can  not  accoxmt  for  the 
form  and  magnitude  of  the  observed  deviations  from  ideal 
performance.  We  shall  now  show  that  these  small  effects 
show  up  in  greatly  magnified  form  if  the  input  and  output 
quarter -wave  transducers  are  imperfect. 

We  consider  a  quarter-wave  transducer  connected  to 
single-mode  (rectangular)  guide  at  its  input  end  and  to  two¬ 
mode  (circular)  guide  at  its  output  end.  If  the  transducer 
were  perfect,  then  a  signal  of  amplitude  arriving  at  the 
input  end  polarized  in  the  x-direction  would  be  converted  to 
a  circularly-polarized  signal  whose  components  Ap,  Ag  in 
the  directions  of  the  principal  axes  p,s  of  the  two-mode 
guide  would  be 
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where  denotes  the  orientation  of  the  principal  axes  with 
respect  to  the  input  axes  x,y.  It  is  convenient  to  use  the 
circularly-polarized  components  A^,  A.  in  the  two-mode  region, 
where 
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then 
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Signal*  of  amplitudes  B.  arriving  from  the  other  direc¬ 
tion  would  be  converted  to  linearly-polarized  components 
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A  loss  film  placed  at  the  single-mode  end  of  the  transducer 
would  absorb  the  component  B^  which  is  polarized  in  the  non¬ 
propagating  orientation. 

y 

Various  imperfections  may  be  present  in  an  actual 
embodiment  of  this  device.  It  may  not  be  exactly  a  quarter- 
wave  long  as  measured  by  the  phase  differential  between  its 
normal  modes;  the  normal  coordinates  may  not  be  oriented 
at  exactly  45^  with  respect  to  the  polarization  of  the  incom 
ing  signal.  In  the  presence  of  these  imperfections,  the  in¬ 
put  signal  is  converted  to  the  conponents 
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where  v  and  w  denote  respectively  the  errors  in  the  diffex^n 
tial  phase  and  in  the  orientation  both  are  assumed 
to  be  small: 
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Further,  the  loss  film  may  not  completely  absorb  the  com¬ 
ponent  By  of  a  signal  coming  from  the  two-mode  region. 

The  component  in  question  is 

By  »  -i^  [(l-iw)e^B^+(v+iw)e*^B.]  (31) 

Let  t  denote  the  reflection  coefficient  for  reflection  of 
this  cross-polarized  signal  back  into  the  transducer.  TUsn, 
considering  both  the  signal  originally  incident  on  the 
input  end  and  the  signal  generated  by  the  reflection  tB^  of 
waves  returning  from  the  output  end,  the  sum  is 
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We  may  now  apply  the  result  (32)  to  the  complete 
Phaser  assembly,  composed  of  the  ferrite  half-wave  section, 
whose  principal  axes  are  oriented  at  ,  with  quarter-wave 
transducers  at  each  end.  To  illustrate  the  nature  of  the 
effect  of  the  various  imperfections  on  the  overall  phase  and 
amplitude  of  the  transmitted  signal,  it  is  not  necessary  to 
treat  the  scattering  by  the  ferrite  section  with  complete 
generality.  We  shall  bear  in  mind  that  reflections  in  that 
part  of  the  structure  would  add  still  further  complications, 
and  shall  include  for  present  purposes  only  the  property, 
represented  by  equation  (24) ,  of  distrubing  the  phase  and 
amplitude  of  transmission.  The  net  effect  is  that  an  inci¬ 
dent  signal  which  is  circularly-polarised  in  one  sense  is 
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converted  into  an  output  which  is  predominantly  in  the 
opposite  sense  but  contains  a  component  in  the  original 
(’’wrong")  sense.  This  "wrong"  wave  is  then  subject  to  the 
reflection  t,  treated  above,  when  it  passes  through  the 
quarter-wave  transducer.  From  equation  (24)  it  can  be 
seen  that  the  disturbance  is  frequency-dependent  in  that 
it  depends  on  the  average  electrical  length  of  the 
ferrite  section. 

If  the  ferrite  section  were  perfect,  it  would  con¬ 
vert  the  incident  circularly-polarized  waves  and  of 
equation  (32)  into  transmitted  waves  and  according 
to 
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where  2&\  is  the  differential  electrical  length,  as  expressed 
in  equation  (4),  et.  seq..  Sec.  4A.  Ideally,  o)  ■  tr/2, 
so  that  the  matrix  of  (33)  reduces  to  a  simple  permutation 

y 

of  *  and  -  circularly-polarized  waves.  We  shall  replace 
that  matrix  by 
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where  a  and  b  are  left  unspecified  except  that  they  must, 
of  course,  satisfy  the  requirement  of  energy  conservation. 

In  the  ideal  case  they  would  agree  with  (33) ,  but  in  general 
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they  will  be  assumed  to  contain  the  phase  and  amplitude 
disturbances  described  by  equation  (24). 

Corresponding  to  equation  (32)  we  have  a  similar 
expression  relating  the  signals  and  F.  reflected  at  the 
output  transducer  to  the  signals  and  E_  incident  upon 
it.  The  transfer  matrix  of  equation  (34)  connects  the  F*s 
to  the  B*s  in  the  same  way  it  connects  the  A’s  to  the  E’s. 
Thus,  we  have  a  system  of  equations  describing  the  super¬ 
position  of  waves  resulting  from  the  group  of  imperfections 
contemplated,  and  leading  to  an  overall  transmission  E^ 
in  the  rectangular  guide  at  the  output  end. 

We  shall  carry  through  the  calculation  in  the 
simplest  case,  namely  that  the  quarter-wave  transducers 
arc  perfect  in  the  sense  that  the  errors  v  and  w  of  equa¬ 
tion  (30)  are  zero,  but  retaining  the  reflection,  specified 
by  the  coefficient  t,  of  cross -polarized  waves  as  discussed 
above  (equation  31  ct  seq.).  We  have  from  (32), 
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Similarly,  for  the  waves  F^,  and  F_  reflected  from  the 
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output  transducer, 
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Equatlotis  (37)  and  (38)  are  to  be  solved  simultaneously 
for  and  A^;  from  this  solution  the  transmitted  wave 
amplitude  can  be  constructed: 
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The  solution  is 
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which  we  may  write  in  the  form 
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Our  object  in  exhibiting  E„  in  this  form  is  to  show  its 
resemblance  to  the  situation  contemplated  in  the  analysis 
of  interference  effects  in  Faraday  rotation  (reference  13) , 
Here,  as  there,  we  are  led  to  an  expression  for  transmission 
in  which  there  appears  a  fraction  in  the  denominator,  ordi¬ 
narily  small,  but  taking  on  relatively  large  values  at  fre¬ 
quencies  for  which  the  magnitude  of  its  own  denominator  passes 
through  a  minimum.  As  shown  in  the  reference  cited,  the 
shape  (frequency -dependence)  of  these  "dips'*  has  a  character 
agreeing  closely  with  those  we  have  observed.  In  the  pre- 
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sent  case,  if  the  ferrite  section  were  perfect  we  should 
have  a  -  0,  and  the  effect  would  be  absent;  if  the 

cross -polarized  waves  at  the  ends  of  the  transducers  were 
perfectly  terminated,  we  should  have  t  =  0  and  again  the 
interference  effect  described  by  (^1)  would  be  absent, 
although  the  smaller  disturbances  in  phase  and  amplitude 
described  by  equation  (24)  would  still  be  present.  The 
two  disturbances  together  yield  strong  amplitude  and  phase 
fluctuations  whose  characteristics,  discussed  in  Sec.  6, 
agree  qualitatively  with  the  prediction  (41) .  If  we  allow 
for  the  additional  imperfections  discussed  above,  such  as 
the  deviation  from  quarter  wavelength  and  from  45°  orien¬ 
tation,  with  the  further  complication  that  the  errors  in 
one  quarter-wave  transducer  may  be  expected  to  differ  from 
those  in  the  other,  comparison  of  the  above  scattering 
analysis  with  the  observed  behavior  suggest  that  all  the 
undesirable  features  of  insertion  loss,  phase,  and  match 
over  the  frequency  range  studied  could  be  accounted  for. 

A  full  appreciation  of  the  intricate  nature  of  the 
interaction  between  the  ferrite  half-wave  section  and  the 
quarter-wave  transducers  came  to  us  in  the  latter  stages 
of  the  program;  in  fact,  it  was  only  after  a  considerable 
amount  of  progress  had  been  made  on  matching  of  the  ferrite 
to  the  conductive  guide  that  the  persistent  features  became 
clear  enough  to  be  analysed.  Although  improvements  in  the 
transducer  structure  were  carried  out,  it  is  clear  from  com¬ 
parison  of  our  latest  data  with  the  above  analytical  results 
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that  further  refinements  are  called  for,  and  that  they 
will  yield  materially  improved  phaser  performance. 

In  early  stages  of  the  investigation  measurements 
were  performed  using  linearly  polarized  signals;  simple 
quarter-wave  plates  were  added  later.  As  the  need  for  more 
precise  control  of  the  polarization  developed,  step-trans¬ 
former  quarter-wave  plates  of  an  improved  design  due  to 
14 

R.D.  Tompkins  and  P.J.  Allen  were  constructed  and  used 
in  the  subsequent  work.  The  plates  and  tlieir  relation  to 
the  assembly  are  shown  in  the  photographs.  Fig.  4.  Tests 
on  the  quarter-wave  plates  themselves  showed  that  they  are 
well  adapted  for  work  in  the  lower  half  of  X-band.  Their 
performance  tinder  one  such  test,  measurement  of  the  output 
amplitudes  in  two  mutually  orthogonal  polarizations,  is 
shown  in  the  recorder  tracing.  Fig.  5.  The  amplitudes  are 
equal,  and  near  the  ideal  value  of  3  db,  at  about  9.6  KMc. 
They  slope  gradually  from  this  value  in  the  expected  way 
at  higher  and  lower  frequencies.  For  a  full  characteriza¬ 
tion  of  the  transducer  performance,  the  phase  relation 
between  the  two  components  was  studied  and  adjusted  to  pro¬ 
duce  circular  polarization. 

A  number  of  attempts  were  made  to  build  satisfactory 
loss  films  (see  Fig.  4B) .  The  structure  and  placement  of 
the  films  most  recently  used  appeared  to  be  reasonably  good 
for  laboratory  work.  Having  seen  more  clearly  the  nature 
and  importance  of  defects  in  this  element,  we  would  devote 
special  attention  to  matching  and  other  details  in  the  design 
before  proceeding  with  further  work  on  the  phaser. 
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4A.  The  dielectric  step- transformer  quarter-wave  plate. 


4B.  Exploded  view  of  ferrite  with  matching  elements, 
y dielectric  quarter-wave  plates,  and  terminations. 
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Figure  5.  Performance  of  a  quarter-wave  transducer,  measured  by  observing  the 
onplitudes  of  waves  polarized  in  the  E-  and  H-plane*  at  the  output; 
the  input  signal  is  E-polarized. 


6.  Experimental  result*. 


6A.  Phase,  insertion  loss,  and  match. 

Perfomanoe  of  the  roteting*fl«ld  pheter  showing  the 
characteristics  inherent  in  this  device  has  been  observed. 
The  results  for  a  particular  experimental  assembly  are  shovm 
in  Fig.  6.  The  graph  gives  the  insertion  loss,  phase,  and 
VSWR  as  functions  of  orientation  ^  of  the  magnetic  field, 
measured  at  9.36  KMc.  Details  of  the  ferrite  half-wave 
plate  structure  and  quarter-wave  transducers  are  shown  in 
Figs.  4  and  10. 

The  data  of  Fig.  6  show,  at  the  top,  insertion  loss 
averaging  about  1  db,  with  a  periodic  variation  having  a 
total  excursion  of  about  0.5  db  as  ^  is  varied.  This  loss 
includes  that  of  the  quarter-wave  transducers  which  is 
difficult  to  evaliiate  separately;  further  discussion  of 
this  part  of  the  problem  will  appear  below.  The  phase  of 
the  transmitted  signal,  indicated  by  the  two  sloping  solid 
lines,  obeys  the  linear  law  of  variation  (equaticxi  6)  to  a 
fair  approximation,  although  it  contains  an  S -shaped  devia¬ 
tion  which  at  its  worst  (around  ^  «  120®)  departs  by  about 
o 

25  from  the  theoretical  value.  Part  of  this  error  is  not 
intrinsic  to  the  device  but  is  characteristic  of  the  measure 
ment  method  (see  Sec.  7)  and  is  associated  with  the  VSWR, 
shown  by  the  dashed  curve.  The  mismatch  varies  periodically 
with  between  a  maximum  of  1.58/1  and  a  minlmisa  of  1.35/1. 
That  part  of  the  deviation  which  is  intrinsic  results  from 
a  combination  of  small  but  significant  imperfections;  genera 
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Fig.  6.  Insertion  Loss,  phase,  and  VSWR  of  the  rotating-f ield  phaser 

vs.  angle  of  orientation  of  magnetic  field;  frequency,  9.36  KMc. 


tion  of  a  slightly  elliptic,  rather  than  circular,  polari¬ 
zation  by  the  transducers,  incoaplete  absorption  of  the 
cross-polarized  component  appearing  at  the  rectangular  input 
and  output  guides,  imperfect  matching  at  the  ends  of  the 
ferrite  section,  and  a  small  difference  in  the  damping  of 
the  two  normal  modes  of  the  ferrite. 

The  selection  of  the  frequency  9.36  KMc  at  which  the 
data  of  Fig.  6  were  taken  was  dictated  by  the  frequency- 
dependence  of  insertion  loss,  shown  in  Fig.  7.  The  magnet 
yaa  oriented  at  0^  for  that  measurement,  and  the  magnitude 
of  the  d-c  field  was  adjusted  to  minimize  insertion  loss. 

The  figure  shows  that  the  transmission  undergoes  a  con¬ 
siderable  amount  of  variation;  the  regular  structure  of 
this  frequency-dependence  is  not  apparent  in  Fig.  7  but 
emerges  more  clearly  in  other  examples,  shown  in  the  recorder 
tracings.  Figs.  8  and  9.  The  insertion  loss  values  appearing 
in  these  figures  include  losses  in  all  parts  of  the  assembly, 
including  the  experimental -absorbing  cards  at  the  ends  of 
the  quarter-wave  tranducers  on  which  further  comment  is 
presented  below.  The  essential  point  illustrated  by  these 
figures  is  the  fact  that  the  insertion  loss  exhibits  certain 
regular  features.  An  envelope  of  relatively  low  loss  (the 
dashed  curve  in  Fig.  9)  extends  across  a  considerable  band, 
reaching  a  minimum  around  9.4  KMc  where  the  quarter-wave 
plates  exhibit  their  optimum  performance.  This  envelope  is 
broken  at  regular  frequency  intervals  by  persistent  and 
well-defined  dips  in  transmission.  A  considerable  part  of 
the  research  effort  to  date  has  been  devoted  to  identifying 
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Fig.  7.  Insertion  Loss  vs.  frequency  of  the  rotating-field  phaser  assembly; 
magnetic  field  oriented  at  iP  -  0°. 
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these  dips,  which  appear  to  be  the  only  obstacle  to  the 
achievement  of  broadband  phaser  performance,  and  to  modify¬ 
ing  the  design  in  an  attempt  to  eliminate  them.  Comparison 
of  Figs.  8  and  9  shows  that  the  peaks  are  appreciably  less 
deep  in  Fig.  9,  reaching  only  about  6  db  at  most.  The 
difference  between  the  two  cases  is  in  the  details  of  the 
matching  structures  at  the  ends  of  the  ferrite  tube: 
relocating  of  the  alumina  rods  (see  Fig.  10)  a  small  distance 
from  the  tube  produced  the  improvement.  The  insertion  loss 
dips  are  sensitive  to  the  orientation  of  the  magnetic  field, 

I 

as  illustrated  in  the  recorder  tracings  of  Fig.  IL.  An 
interpretation  of  this  phenomenon  is  included  in  the  discus¬ 
sion  of  scattering,  Sec.  5. 

Enough  is  known  of  the  contributing  effects  to  suggest 
strongly  that  this  behavior  is  not  intrinsic  to  the  phaser 
principle  being  employed  here  but  can  be  corrected.  Experi¬ 
mental  evidence  to  date  has  established  that  the  insertion 
loss  fluctuations  are  reactive  (interference)  effects  result¬ 
ing  from  a  combination  of  imperfect  matching  at  the  ends  of 
the  ferrite  section  together  with  imperfections  in  the 
quarter-wave  transducers;  particularly  the  imperfect  termi¬ 
nation  of  signals  in  the  "wrong"  sense  of  circular  polariza¬ 
tion.  Various  experiments,  including  measurements  of  the 
radial  extension  of  r-f  fields  around  the  ferrite,  have 
demonstrated  that  they  are  not  due  to  the  excitation  of 
spurious  higher  modes  of  propagation;  nor  are  they  associated 
with  slight  deviations  from  mechanical  alignment  of  the  parts 
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lOA.  Close-up  view  of  the  ferrite  tube,  with 
dielectric  matching  eleraents. 


lOB.  Ferrite  dielectric-waveguide  half-wave 
section  with  adjoining  quarter-wave 
transducers  to  rectangular  X-band  guide. 
The  laboratory  rotating  magnet  has  been 
removed. 
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Figure  11. 


Recorder  tracing  illuatrotltvg  the  dependenw 
of  insertion  loss  on  orientation  of  the  d-c 

magnetic  field. 
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of  the  assembly. 

To  account  for  the  presence  of  these  interferences  and 
for  their  behavior  under  various  experimental  conditions,  we 
observe,  first,  that  the  active  ferrite  half •wave  element 
constitutes  a  two-mode  transmission  line  and  is  therefore 
required  to  present  a  good  match  to  incident  waves  in  two 
different  polarizations.  A  straightforward  analysis  of  the 
scattering  of  the  normal  modes  of  propagation  yields  an 
expression  for  the  amplitude  and  phase  of  the  transmitted 
signal  which  shows  that  the  departure  from  circular  polari¬ 
zation  of  the  transmitted  wave  at  the  output  end  of  the 
half-wave  section  is  under  the  control  of  the  differential 
phase  of  the  section  and  of  the  reflection  coefficients  for 
the  two  normal  modes  at  the  ends  of  the  structure. 

The  polarization  at  the  output  end  is  perfectly 
circular  provided  the  differential  phase  is  pre¬ 

cisely  TT  and  provided  the  scattering  coefficients  for  the 
two  modes  are  equal  in  phase  and  amplitude.  The  result  of 
the  analysis  is  given  in  Sec.  5  (equation  24). 

Small  deviations  from  this  ideal  combination  of 
conditions  would  lead  only  to  slightly  increased  insertion 
loss  ^  the  two  quarter-wave  transducers  were  themselves 
perfect.  They  may  depart  slightly  from  the  requirement  of 
Tr/2  differential  electrical  length  without  appreciable 
consequences;  if,  however,  they  do  not  present  a  quite 
well-matched  termination  to  that  component  in  the  "wrong" 
sense  of  circular  polarization  generated  by  the  accumulation 
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of  small  errors  enumerated  above,  the  multiple  reflection 
of  this  spurious  component  is  capable  of  producing  very 
sharp  fluctuations  in  transmission.  This  state  of  affairs 
is  quite  generally  encountered  in  transmission -line  circuits 
which  are  of  the  nature  of  a  phase  bridge,  where  the  inci¬ 
dent  signal  is  split  into  two  parallel  channels  and  then 
recombined.  That  ’’trapping”  of  energy  within  the  bridge 
circuit  can  give  rise  to  sharp  spikes  of  reflection  has 
been  demonstrated  by  us  previously  .  In  the  more  familiar 
case  of  Faraday  rotation  the  frequency-dependence  of  inser¬ 
tion  loss  conforms  with  excellent  accuracy  to  the  form 
predicted  by  equation  (41),  Sec.  5,  for  the  transmission 
amplitude  E.  In  the  present  case  of  the  rotating-f ield 
half-wave  section  many  of  the  same  characteristics  are 
present,  at  least  qualitatively.  The  shape  and  regular 
repetitive  character  of  the  insertion  loss  dips,  and  their 
sensitivity  to  variations  in  magnitude  and  direction  of 
the  d-c  field,  as  well  as  their  response  to  changes  in  the 
matching  and  loss  card  structures,  all  support  a  picture 
of  their  origin  as  described  above. 

6B.  Hysteresis. 

Our  investigation  of  hy^steresis  effects  related  to 
the  question  whether  hysteresis  in  the  d-c  magnetization  of 
the  ferrite  would  cause  uncertainty  in  the  correlation  be¬ 
tween  magnetic  field  orientation  and  phase  of  transmission. 
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The  result  of  the  measurements  is  that  no  such  effect 
occurs;  more  exactly,  that  the  phase  obtained  for  a  given 
setting  of  the  magnet  is  unique  to  within  the  precision  of 
the  phase  measurement,  irrespective  of  the  course  of  magnet 
rotation  leading  to  the  setting  in  question.  The  perform¬ 
ance  is  illustrated  in  Fig.  12.  The  upper  curve  in  the 
figure  shows  the  phase  as  measured  by  observing  the  position 
of  a  standing-wave  minimum  in  front  of  the  device  when  a 
short-circuit  plate  is  placed  at  the  output  (see  Sec.  7  and 
Fig.  13A) .  With  this  curve  as  a  reference,  the  deviation 
in  position  of  the  minimum  was  measured  as  the  magnet  was 
carried  through  several  cycles  over  the  range  from  ^  *  90® 
to  s  180®.  The  lower  curves  show  the  deviations;  they 
are  within  0.4  mm  which  is  of  the  same  order  as  the  uncer¬ 
tainty  in  minimum  position.  The  deviations  are  also  given 
in  degrees;  they  are  well  under  2^.  During  the  course  of 
the  measurement,  the  electromagnet  current  drifted  slightly; 
the  effect  of  this  was  also  within  the  limit  of  measurement 
precision. 

'  6G.  Temperature  effects. 

^^casuremcnts  of  temperature  effects  were  undertaken 
at  a  point  in  the  program  at  which  we  felt  that  the  inser¬ 
tion  loss  and  phase  fluctuations  were  under  sufficient  con¬ 
trol  to  permit  such  a  measurement.  Our  experience  in  these 
tests  indicated  that  the  temperature  sensitivity  tends  to  be 
satisfactorily  small;  we  found,  however,  that  it  was  not 
possible  to  obtain  a  truly  reliable  measure  of  temperature- 
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dependence  over  a  wide  range  becanae  of  the  disturbing 
mismatch  effects  discussed  earlier.  Starting  at  ISO^F, 
the  overall  phase  (the  quantity  fiL  in  equation  6,  Sec.  UA) 
and  the  relative  phase  shift  versus  were  observed  at  a 
sequence  of  decreasing  temperatures.  The  shift  in  fiL  was 
of  the  order  of  0.1®  per  degree  Fahrenheit  at  first,  but 
the  rate  of  change  increased  as  the  temperatiire  declined, 
while  the  disturbances  in  insertion  loss  and  phase-vs.-iP 
increased.  The  behavior  was  such  as  to  indicate  that  the 
frequency  for  optimum  performance  had  shifted  away  from  the 
test  frequency  (9.37  KMc) .  Examination  at  neighboring 
frequencies  confirmed  this.  We  conclude  that  there  is  room 
for  optimism  regarding  the  temperature  sensitivity,  but  that 

y 

it  will  be  possible  to  perform  a  much  more  meaningful  mea* 
surement  after  further  improvement  has  been  made  in  the 
obscuring  reactive  effects. 

6D.  D-c  control  field  requirements. 

The  magnetic  control  field  requirements  have  been 
in  the  range  from  200  to  600  oersteds,  with  most  of  the 
significant  data  taken  at  fields  of  about  500  oersteds. 

These  magnitudes  sxiggest  that  the  differential  phase  shift 
has  been  due  almost  entirely  to  gyromagnetic  interaction 
rather  than  low-field  effects.  While  such  fields  could 
be  employed  in  practical  devices  if  necessary,  there  still 
remains  the  possibility  of  reducing  them  considerably  by 
further  effort  toward  obtaining  the  optimum  ferrite  tube 
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geometxy  and  the  optimum  ferrite  compoaition. 

The  tube  wall  thickness  should  be  reduced  to  bring 
the  ratio  p©  of  inner  to  outer  diameter  (see  Sec.  4C)  to 
the  range  0. 8-0.9.  This  means  that  the  outer  diameter  must 
be  increased  in  order  to  sustain  dielectric-waveguide  propa¬ 
gation,  and  that  the  matching  structure  at  the  ends  of  the 
ferrite  must  be  further  refined.  Because  these  changes 
might  result  in  a  ferrite  diameter  which  is  inconveniently 
large,  some  experiments  were  performed  on  composite  struc¬ 
tures  containing  additional  dielectric  (e.g.,  a  ferrite  tube 
filled  with  alumina  or  polystyrene) .  The  results  were  in¬ 
conclusive,  again  because  of  severe  mismatch  effects. 

With  regard  to  ferrite  compositions  suitable  for 
study  of  low-field  permeability  variation  effects  at  X-band, 
we  find  that  the  choice  of  materials  is  inconveniently 
narrow.  The  approximate  rule  specifying  an  upper  limit  to 
the  saturation  magnetization  value  at  which  the  effect  can 
be  used  is  4itM_  =(«)/>',  where  I'  is  the  gyromagnetic  ratio, 

o 

V*/2Tr  =  2.8  Me  per  oersted.  For  X-band,  we  obtain  4TrMQ'*3560 

gauss.  For  lower  values  of  4TrMg  the  effect  is  less  strong, 

but  magnetic  dissipative  effects  are  also;  thus  the  optimum 

value  can  be  expected  to  lie  somewhere  in  the  range  2000- 

3000  gauss.  In  studying  this  problem,  we  found  that  nickel 

ferrites  having  suitable  4TrMg  values  were  objectionably  lossy 

12 

at  low  fields,  suggesting  that  the  low-field  loss  effects 
are  more  severe  in  these  materials.  Such  behavior  is  not 
entirely  unexpected;  it  correlates  qualitatively  with  the 
known  ferromagnetic  resonance  properties  of  nickel  fezrites. 
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The  amount  of  loss  was,  however,  unexpectedly  large.  The 
magnesium-manganeae  ferrites,  which  are  known^^*^^  to  exhi¬ 
bit  the  low-field  reactive  effects  quite  satisfactorily  at 
somewhat  lower  frequencies  (see  Fig.  2),  are  limited  in 
saturation  magnetization  to  valxies  below  2400  gauss.  Most 
of  our  later  work  was  done  with  a  material  of  this  type, 
but  unfortunately  our  measurements  showed  that  the  effect 
we  sought  was  not  large  enough  to  produce  the  desired  low- 
field  operation.  It  is  reasonable  to  expect  that  further 
s-.udy  of  the  available  ferrites  would  identify  one  which 
combines  characteristics  close  to  those  required  for  this 
application. 

6E.  Application  of  the  phaser  principle  at  L-band. 


Our  study  directed  toward  finding  ferromagnetic 
materials  suitable  for  use  in  a  rotating-field  phaser  for 
L-band  involved  the  following  problems: 

a.  to  select  ferrites  and  ferromagnetic 

garnets  of  appropriate  compositions 
from  among  the  materials  now  com¬ 
mercially  available  or  expected  to 
be  so  in  the  near  future; 

b.  to  investigate  these  materials  experi¬ 

mentally  at  L-band  with  particular 
attention  to  their  reactive  and 
dissipative  properties  at  low  and 
intermediate  values  of  d-c  field; 

c.  to  obtain  estimates  of  the  cost  and  to 

explore  the  problems  associated  with 
fabricating  suitable  specimens,  such 
as  tubes . 

Four  materials  emerged  as  the  most  likely  to  be 
useful  for  the  purpose;  their  significant  characteristics 
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are  summarized  in  Table  I . 

As  shown  in  the  Table,  all  of  the  materials  shoved 
a  very  conspicuous  reactive  permeability  variation  at  low 
fields,  but  the  three  ferrites  exhibited  objectionally 
high  values  of  magnetic  loss.  The  magnetic  loss  tangent 
tan  5m  =  the  best  of  the  three,  TT2-113,  was 

about  1.0  at  zero  field  and  declined  only  to  0.25  before 
increasing  again  due  to  the  onset  of  ferromagnetic  reson¬ 
ance  effects.  The  garnet  MCL-300  was  considerably  better, 
tan  5jj^<  0.095.  Hence,  irrespective  of  the  other  charac¬ 
teristics  of  the  various  materials,  only  the  garnet  could 
be  considered  a  reasonably  likely  candidate  for  successful 
operation  in  a  phaser. 

Scaling  from  our  experience  at  X-band,  we  estimated 
that  a  tubular  specimen  of  the  following  dimensions  would 
represent  a  good  approximation  to  the  final  design:  length, 
8  inches;  outer  diameter,  U  inches;  inner  diameter,  2  inches 
or  somewhat  greater.  Presses  and  furnaces  large  enough  to 
make  such  a  unit  in  one  piece  do  not  exist;  we  are  c^ifi- 
dent,  however,  that  a  unit  assembled  from  a  nimaber  of 
smaller  pieces  machined  to  within  reasonable  tolerances 
would  serve  equally  well.  We  obtained  cost  estimates  in 
the  following  ranges:  up  to  ten  units,  $2100..$2500  per 
unit;  one  hundred  units,  about  $2000  per  unit.  Some  saving, 
perhaps  5  to  10%,  might  be  effected  if  in  production  the 
parts  could  be  molded  to  such  close  tolerances  as  to  require 
•  no  subsequent  grinding.  As  a  comparison  of  the  relative 
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Table  I,  Characteristics  of  ferromagnetic  materials  relating 
to  their  use  in  an  L-band  rotating-f ield  phaser. 


crsts  of  garnet  and  ferrite,  a  similar  specimen  made  of 
ferrite  would  cost  about  40%  of  the  amounts  quoted  above. 

Other  questions  relating  to  the  development  of  an 
L-band  unit  were  considered.  They  include:  design  of  trans¬ 
ducers  for  the  generation  of  circular  polarization,  either 
of  the  quarter-wave  type  discussed  in  Sec.  5B  or  based  on 
the  properties  of  hybrid  junctions  or  dual-mode  transducers 
("through-plexers") ;  design  of  a  compact,  high-speed  magnet 
structure  to  provide  the  control  field;  use  of  additional 
dielectric  to  reduce  the  size  of  the  ferrite  element  and 
associated  matching  structures. 


I 
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7.  Experimental  methods. 


Where  accurate  measurement  of  phase  is  to  be  per¬ 
formed  in  the  presence  of  appreciable  mismatches,  we  have 
used  a  circuit  capable  of  yielding  a  complete  characteri- 
zstlon  of  the  scattering  coefficients.  The  bridge -like 
circuit  used  for  these  measurements  is  shown  schematically 
in  Fig.  13B.  The  output  of  the  signal  generator  is  split 
into  two  mutually  isolated  arms  and  fed  through  the  test 
specimen  from  opposite  directions.  The  circuit  Includes 
attenu4itors  and  a  mechanical  phase  shifter  for  adjusting 
the  amplitudes  and  relative  phase  of  the  two  signals.  The 
standing  wave  resulting  from  scattering  by  the  specimen  is 
observed  by  means  of  a  slotted  section,  detector,  and 
oscilloscope  or  null -detecting  meter. 

Assuming  that  the  specimen  is  reciprocal  and  symmetri¬ 
cal,  let  R  and  S  denote  respectively  its  complex  reflection 
and  transmission  coefficients  defined  at  a  convenient  refer¬ 
ence  pJLane.  Denote  by  r  the  (real)  ratio  of  amplitudes  of 
the  two  incident  signals  and  by  their  relative  phase. 

With  a  signal  of  unit  amplitude  incident  on  the  specimen 
from  the  left  in  the  diagram,  a  wave  R  la  reflected  and 
returns  to  the  slotted  section.  Also,  a  wave  re^*^  is  inci¬ 
dent  from  the  right,  emerging  on  the  left  side  of  the  specl- 
i<P 

men  as  Sre  ' .  The  sum  of  these  two  waves  constitutes  an 
apparent  net  "reflection"  whose  phase  'F  can  be  observed  by 
adjosting  the  attenuators  so  as  to  produce  an  infinite  VSWR 
in  the  slotted  section  and  observing  the  position  of  the 
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Fig.  L3A.  Circuit  for  transmission  phase  measurement. 


Fig.  i:iB. 


Circuit  for  scattering  coefficient  measurement. 
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standingowave  null.  The  net  "reflection"  then  aatlaflea 

R  +  Sre^^=  (42) 

Equation  (42)  may  be  illustrated  graphically  as  shown  in 
Fig.  14  in  which  the  point  on  the  tmit  circle  represents 
e^^,  shown  as  the  sum  of  R  and  Sre^^. 

By  observation  of  the  attenuator  readings  and  posi¬ 
tion  of  the  null,  repeated  at  each  of  a  number  of  settings 
of  the  variable  phase  shifter  (indicated  by  ^  in  Fig.  13B) , 
it  is  possible  to  construct  a  "best  fit"  to  the  diagram  of 
Fig.  14,  which  exhibits  the  complex  reflection  and  trans¬ 
mission  coefficients  and  also  indicates  the  dissipative 
losses.  For  measurements  on  the  rotating  field  phaser,  the 
process  is  repeated  at  each  of  a  series  of  orientations  of 
the  magnet.  The  resulting  data  can  be  presented  as  a  se¬ 
quence  of  vectors  in  the  reflection  coefficient  plane. 

Fig.  15  shows  an  example  of  such  a  sequence,  together  with 
a  tabulation  of  the  magnitudes  of  R  and  S  and  of  the  trans¬ 
mitted  power  Cl ^  =  |r|^+[s[^  in  a  particular  case. 

For  work  in  which  less  precision  is  required  and  in 
which  speed  and  flexibility  in  frequency,  mechanical  struc¬ 
ture,  etc., are  more  important,  a  simpler  method  was  used. 

The  circuit  is  shown  in  Fig.  13A.  A  shorting  plate  was 
placed  at  the  output  end  of  the  device,  and  the  phase  change 
in  two  traversals  was  observed  by  measuring  the  position  of 
a  standing-wave  minimum  at  the  input  end.  The  method  is 
quite  satisfactory  if  the  device  is  well  matched;  its  primary 
weakness  in  that  case  is  that  the  VSWR  is  degraded  because 
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Fig. 14.  Key  to  scattering  coefficient  diagram. 
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Illustrating  the  scattering-coefficient 
diagram  of  the  rotating-f icld  phaser. 


of  attenuation  in  the  device,  yielding  some  uncertainty  In 

y 

the  position  of  the  minimum.  In  the  presence  of  mismatches, 
however.  It  measures  only  the  net  effect  of  the  mismatches 
separated  by  a  variable  electrical  length  Introduced  by  the 
Phaser  Itself;  it  is  this  error  which  is  included  in  the 
data  of  Fig.  6  and  referred  to  in  the  associated  text. 


» 
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8.  Conclusions 


To  summarize  the  results  of  this  program  of  develop¬ 
ment  on  the  rotating-field  phaser:  a  ferrite  differential 
half-wave  section  has  been  developed  which  demonstrates  the 
feasibility  of  performing  this  function  with  dielectric, 
rather  than  conductive,  waveguide  propagation.  This  design 
is  potentially  capable  of  offering  extremely  high  speed  in 
digital  or  continuous  phase  variation.  Some  essential 
characteristics  of  the  phaser  principle,  namely  the  correla¬ 
tion  between  phase  angle  and  orientation  of  the  control 
field,  unlimited  mono tonic  phase  variation,  and  low  insertion 
loss,  have  been  observed  and  studied.  The  design  exhibits 
the  features  of  compactness  and  structural  simplicity  in¬ 
herent  in  this  device. 

Although  broadband  operation  was  not  observed 
directly,  study  of  bandwidth  problems  has  led  to  considera¬ 
ble  progress,  both  theoretical  and  experimental,  in  deter¬ 
mining  the  conditions  for  satisfactory  dielectric-wave- 
guide  performance,  developing  techniques  for  matching,  and 
identifying  the  sources  of  the  disturbances  which  limit 
bandwidth  and  distort  phase.  Specifically,  spurious  scatter¬ 
ing  in  the  quarter-wave  transducers  in  combination  with  mis¬ 
matches  at  the  ferrite  half-wave  section  have  been  shown  to 
be  capable  of  producing  disturbances  having  the  observed 
features  and  magnitude.  The  program  has  yielded  Insight  into 
these  problems  which  we  believe  provides  the  means  for  ellmi- 
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nating  them. 

Because  an  unexpectedly  large  part  of  the  effort  was 
required  to  study  and  improve  the  transmission  conditions 
cited  above,  less  attention  could  be  devoted  to  problems 
associated  with  the  objective  of  low-field  operation  within, 
the  period  of  the  program.  With  the  Improvement  achieved 
so  far  it  would  be  possible  to  observe  directly  the  relation 
between  ferrite  composition  and  tube  geometry  on  the  one 
hand  and  d-c  field  dependence  of  phase  and  scattering  on  the 
other.  On  the  basis  of  our  experience  with  this  and  other 
ferrite  devices  we  believe  that  this  objective  can  be  ful¬ 
filled  as  originally  envisioned.  Investigation  of  hysteresis 
effects  has  shown  that  no  practical  limitations  in  perform¬ 
ance  from  this  source  are  present.  Temperature-sensitivity 
appears  from  preliminary  measurements  to  be  quite  small, 
although  the  obscuring  effects  of  transmission  disturbances 
prevented  us  from  evaluating  temperature  effects  to  our 
satisfaction. 

Study  of  the  possibility  of  adapting  the  design  for 
L-band  frequencies  has  shown  that  the  primary  limitation  is 
one  of  finding  a  suitable  ferromagnetic  material.  Only  one 
type  of  material,  a  chemically  substituted  version  of 
yttrium-iron  garnet,  appears  available  at  present  to  fulfill 
the  requirements  of  this  device,  especially  that  of  low  in¬ 
sertion  loss.  Unfortunately  its  cost  is  more  than  double 
that  of  most  ferrites.  Aside  from  this  limitation,  the 
techniques  and  principles  we  have  learned  from  the  study 
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program  at  X-band  are  applicable  to  an  L-band  version. 

Progress  within  the  scope  of  this  program  has  indi¬ 
cated  that  use  of  the  ferfite  rota ting-field  phaser  in  phase - 
array  and  other  applications  is  a  practical  possibility.  The 
most  serious  limitations  have  been  examined  and  analyzed,  and 
it  appears  that  they  can  be  removed  without  departing  materi¬ 
ally  from  the  design  as  originally  conceived. 
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